Abstract: Ingested K
ϩ is believed to be absorbed mainly in the small intestine by passive diffusion through the paracellular pathway. To further clarify K ϩ absorption in the small intestine, we determined the unidirectional flux values of Rb ϩ in vitro by atomic absorption spectroscopy in the mouse ileum mounted in Ussing chambers under short-circuit conditions. The mucosal-toserosal Rb ϩ flux (J ms ) was larger than the serosal-to-mucosal Rb ϩ flux (J sm ), resulting in positive net Rb ϩ absorption (J net ). The effect of changing the transmucosal potential (V t ) showed that J ms was composed of both a V t -dependent diffusion component and a V t -independent nondiffusion component, while J sm was composed mainly of a V t -dependent component. A forskolin treatment eliminated J net mainly due to the increase in J sm . When animals were fed a low-Na diet, J net was mainly eliminated as a result of the increase in J sm . These findings suggest that K ϩ is absorbed not only by passive diffusion through the paracellular pathway, but also by an active transport mechanism operating through the cellular pathway. In addition, cAMP and aldosterone may be involved in regulating intestinal K ϩ transport. [Japanese Journal of Physiology, 52, [515] [516] [517] [518] [519] [520] 2002] In Vitro Potassium Transport in the Mouse Small Intestine Eiko INAGAKI, Koichi KAWAMATA, and Yuichi SUZUKI
MATERIALS AND METHODS
Tissue preparation. Male mice (30-40 g, Std : ddY; Japan SLC, Hamamatsu, Japan) had free access to a conventional diet (MF, Naϭ0.26%, Kϭ0.85%; Oriental Yeast, Tokyo, Japan) until the day of the experiment. The Na ϩ -deficient animals were fed a low-Na ϩ diet (AIN76, Naϭ0%, Kϭ0.75%; Funabashi Farm, Chiba, Japan) for 5-7 d before the experiment. The plasma aldosterone level of the Na ϩ -deficient animals was markedly increased (1,558Ϯ403 pg/ml) as compared to the control animals (108Ϯ9 pg/ml) (nϭ4 for each group).
The mice were then sacrificed by cervical dislocation. The intestinal segment 2-10 cm proximal to the terminal ileum was excised, opened into a flat sheet, and the musculature removed by blunt dissection. Two tissue sheets were obtained from individual animals, and each was mounted vertically between Ussing-type chambers that provided an exposed area of 0.2 cm 2 . The volume of the bathing solution on each side was initially 5 ml (for 42 K ϩ flux measurements) or 10 ml (for Rb ϩ flux measurement), the solution temperature being maintained at 37°C in a water-jacketed reservoir. All procedures used in this study were performed in accordance with the "Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences" published by the Physiological Society of Japan.
Flux measurements. The unidirectional flux was measured under short-circuit conditions whereby the transmucosal potential (V t ) was clamped at 0 mV, except when the effect of a change in V t was examined, as described previously [8] . An automatic voltage-clamping device that compensated for the solution resistance between the potential-measuring electrodes was used (CEZ9100, Nihon Kohden, Tokyo, Japan). V t was measured through 3 M NaCl-agar bridges connected to a pair of calomel half-cells, the transmucosal current being applied across the tissue through a pair of Ag/AgCl electrodes kept in contact with the mucosal and serosal bathing solutions using a pair of 1 M NaCl-agar bridges. V t is defined as the potential of the mucosal solution with respect to the serosal solution. The transmucosal current at V t ϭ0 (the short-circuit current, I sc ) is expressed as positive when the current flowed from the mucosa to serosa. The transmucosal conductance (G t ) was calculated from the change in current in response to voltage pulses according to Ohm's Law. The mucosal-toserosal (J ms ) and serosal-to-mucosal (J sm ) flux values were measured in adjacent tissues that had G t values differing by Ͻ30%, the net flux (J net ) value being calculated as J net ϭJ ms ϪJ sm .
The -containing solution. After 30 min of pre-preincubation, the bathing solution on each side was replaced with a fresh solution of the same composition, and another 30 min allowed the steady-state to be reached. Samples (0.5 ml each) were then taken from both sides at 20 min intervals without replacing the bathing solution: the volume of the bathing solution on each side was initially 10 ml instead of the normal 5 ml and was never less than 6 ml after the final sampling. The concentrations of K ϩ (in respect to the initially K ϩ -free solution) and of Rb ϩ (in respect to the initially Rb ϩ -free solution) in the samples were measured by atomic absorption spectroscopy (AA-630-12, Shimadzu, Kyoto, Japan) to determine the unidirectional flux values. J net for each ion was then calculated by subtracting J sm from J ms determined in each of the two adjacent tissues. The maximum increase in the concentration of K ϩ in the initially K ϩ -free solution and that of Rb ϩ in the initially Rb ϩ -free solution was less than 0.2 and 0.13 mM, respectively. We have assumed that these concentrations were low enough to neglect any backflux, when calculating the unidirectional flux values. I sc and G t were not significantly different between the paired tissues during the experiments.
Experimental protocol. Sampling in the experiment where the effect of V t change was examined was done for two 20 min flux periods with V t at 0 mV, for two 20 min periods with V t at ϩ15 mV (or Ϫ15 mV), for two 20 min flux periods with V t at Ϫ15 mV (or ϩ15 mV), and then for two 20 min flux periods with V t again at 0 mV for a total sampling time of 160 min. The order of change in polarity of V t was randomized. The flux values at V t ϭ0 mV determined during the 0-40 min period and that during the 120-160 min period were averaged. These two flux values at V t ϭ0 mV were also used to determine the time-dependent change in flux (0-40 min vs. 120-160 min, Fig. 2 ). In the experiments where the effect of forskolin was examined, sampling was first performed for three basal 20 min flux periods. Forskolin (10 M) was then added to the serosal side, and after 20 min, the flux values were again determined for another three 20 min flux periods, the total time being . The bathing solution on the mucosal side was supplemented with 8.5 mM mannose, and the serosal solution with 6 mM glucose and 2.5 mM L-glutamine as metabolic substrates. Indomethacin (10 M) was added to both the mucosal and serosal solutions to suppress prostanoid production, and tetrodotoxin (300 nM) was also added to the serosal solution to suppress the activity of intramural neurons.
Statistical analysis. Each value is presented as the meanϮSE, with n representing the number of animals. A statistical comparison between two means was made by Student's paired or unpaired t-test. Significance was determined as pϽ0.05.
RESULTS

K
؉ transport in animals on the normal diet We first investigated the basal K ϩ absorption in the mouse ileum by measuring the unidirectional .05 ), while G t was not affected under this condition (Fig. 1) .
We next tried to estimate the unidirectional flux of K ϩ by an alternative method with Rb ϩ as the K ϩ substitute and using an atomic absorption spectrometer (see the MATERIALS AND METHODS section for details). To differentiate between V t -dependent passive flux and V t -independent non-diffusional flux, the effect of changing V t by Ϯ15 mV on J ms and J sm for Rb ϩ was examined, the result being summarized in Fig. 3 . The unidirectional flux was plotted as a function of (F⌬V/RT )/{exp(F⌬V/RT )Ϫ1}, where F, R, and T are respectively the Faraday constant, universal gas constant, and absolute temperature. This should yield a straight line having a slope of the V t -dependent diffusion flux and an intercept on the ordinate of the V t -independent flux [10] . As can be seen in Fig. 3 , the relationship is reasonably linear for both J ms and J sm , with The data were obtained from the same experiments as those described in Fig. 3 . The flux during 0-40 min was compared with the flux during 120-160 min after the start of sampling. V t was changed (i.e., without short-circuit condition) during the 40-120 min period. The mucosal-to-serosal flux (J ms ) for K ϩ and the serosal-to-mucosal flux (J sm ) for Rb ϩ were determined for one tissue sample, and J ms for Rb ϩ and J sm for K ϩ were determined for the adjacent tissue sample (see the MATERIALS AND METH-ODS section for details). I sc and G t of the paired tissue samples, being not significantly different from each other, were averaged and are shown in B. * Significantly different between the two periods.
† Significantly different from zero (J ms and J sm during this period are consequently significantly different). nϭ10. for J ms , the slope is 0.65Ϯ0.14 (pϽ0.01) and the intercept on the ordinate is 0.36Ϯ0.12 (pϽ0.02); for J sm , the slope is 0.61Ϯ0.09 (pϽ0.01) and the intercept on the ordinate is 0.12Ϯ0.09 (pϭ0.23) (all values are in mol · cm Ϫ2 · h the slopes not being significantly different from each other. While the intercept on the ordinate is close to zero for J sm , it is significantly different from zero for J ms . These findings suggest that J sm can be attributed to simple diffusion, while J ms is composed of both diffusion and non-diffusion components, the latter being largely independent of V t .
Effect of forskolin on K ؉ transport We then explored the role of cAMP in the regulation of intestinal K ϩ transport by examining the effect of forskolin, an activator of adenylate cyclase, on Rb ϩ flux. As shown in Fig. 4 , net Rb ϩ absorption was eliminated in the presence of forskolin, mainly due to the increase in J sm . I sc was markedly increased by forskolin, probably as a result of the activation of anion secretion by cAMP [11] . G t was also significantly increased.
؉ transport in animals on a low-Na ؉ diet Rb ϩ transport in the ileum from mice subjected to a low-Na ϩ diet for 7-10 d was determined (Fig. 5 ). In comparison with the Rb ϩ flux in animals on the normal diet, J sm was significantly higher, J ms was not significantly different, and J net was eliminated in the Na ϩ -deficient animals. I sc was not affected, but G t was significantly higher in the Na ϩ -deficient animals.
DISCUSSION
We examined K ϩ transport in vitro in the mouse ileum by using Rb ϩ as a substitute for K ϩ . Radioactive Rb ϩ was previously found to be useful in many studies on membrane K ϩ transport [6, 7, 12, 13] . In the present study, the transepithelial unidirectional Rb ϩ flux values were determined by atomic absorption spectroscopy, and it was found that Rb ϩ flux faithfully reproduced 42 K ϩ flux (compare Fig. 2 with Fig. 1 ). It therefore seems reasonable to assume that the present findings obtained with Rb ϩ can be used to represent K ϩ transport in the mouse intestine.
The results of the present study demonstrate that, under short-circuit conditions, J ms for Rb ϩ was greater than J sm , resulting in net Rb ϩ absorption. In addition, the effect of V t on the unidirectional flux values indicates that J ms may be subdivided into two parallel components: (1) a diffusion component, and (2) a component not significantly affected by a small change in V t . On the other hand, J sm seems to have been solely composed of a diffusion component. These findings suggest that K ϩ was absorbed not only by passive diffusion through the paracellular pathway, but also by a mechanism probably operating through the cellular pathway. Although it has generally been accepted that K ϩ absorption in the small intestine occurs predominantly by passive diffusion [3] [4] [5] , one previous in vitro study on the piglet jejunum has demonstrated the occurrence of active K ϩ absorption in the small intestine [6] . In addition, it has been reported that K ϩ influx into the rabbit ileum can be assigned to both a diffusion component and a component not affected by V t [10] . Thus, although the major component of K ϩ absorption is along the paracellular pathway, it is likely that K ϩ absorption through the cellular pathway is also present in the small intestine, as in the case of the large intestine [14] .
What is the membrane transport mechanism involved in putative K ϩ absorption through the cellular pathway? A H 
